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Abstract  17 
Ruminant-based food production faces currently multiple challenges such as 18 
environmental emissions, climate change and accelerating food-feed-fuel competition 19 
for arable land. Therefore, more sustainable feed production is needed together with 20 
the exploitation of novel resources. In addition to numerous food industry (milling, 21 
sugar, starch, alcohol or plant oil) side streams already in use, new ones such as 22 
vegetable and fruit residues are explored, but their conservation is challenging and 23 
production often seasonal. In the temperate zones, lipid-rich camelina (Camelina 24 
sativa) expeller as an example of oilseed by-products has potential to enrich ruminant 25 
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milk and meat fat with bioactive trans-11 18:1 and cis-9,trans-11 18:2 fatty acids and 26 
mitigate methane emissions. Regardless of the lower methionine content of alternative 27 
grain legume protein relative to soybean meal (Glycine max), the lactation performance 28 
or the growth of ruminants fed faba beans (Vicia faba), peas (Pisum sativum) and 29 
lupins (Lupinus sp.) are comparable. Wood is the most abundant carbohydrate 30 
worldwide, but agroforestry approaches in ruminant nutrition are not common in the 31 
temperate areas. Untreated wood is poorly utilised by ruminants because of linkages 32 
between cellulose and lignin, but the utilisability can be improved by various processing 33 
methods. In the tropics, the leaves of fodder trees and shrubs (e.g. cassava (Manihot 34 
esculenta), Leucaena sp., Flemingia sp.) are good protein supplements for ruminants. 35 
A food-feed production system integrates the leaves and the by-products of on-farm 36 
food production to grass production in ruminant feeding. It can improve animal 37 
performance sustainably at smallholder farms. For larger-scale animal production, 38 
detoxified jatropha (Jatropha sp.) meal is a noteworthy alternative protein source. 39 
Globally, the advantages of single-cell protein (bacteria, yeast, fungi, microalgae) and 40 
aquatic biomass (seaweed, duckweed) over land crops are the independence of 41 
production from arable land and weather. The chemical composition of these feeds 42 
varies widely depending on the species and growth conditions. Microalgae have shown 43 
good potential both as lipid (e.g. Schizochytrium sp.) and protein supplements (e.g. 44 
Spirulina platensis) for ruminants. To conclude, various novel or underexploited feeds 45 
have potential to replace or supplement the traditional crops in ruminant rations. In the 46 
short-term, N-fixing grain legumes, oilseeds such as camelina and increased use of 47 
food and/or fuel industry by-products have the greatest potential to replace or 48 
supplement the traditional crops especially in the temperate zones. In the long-term, 49 
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microalgae and duckweed of high yield potential as well as wood industry by-products 50 
may become economically competitive feed options worldwide.  51 
 52 
Keywords: legume, by-product, single-cell protein, tree, ruminant  53 
 54 
Implications  55 
Within ruminant-based food production, there are potential means to improve global 56 
food supply and to decrease its environmental footprint without compromising animal 57 
products. Alternative and novel feeds provide opportunities to (a) spare arable land, 58 
fresh water (e.g. single-cell proteins, duckweed) or fertilizers (N-fixing grain and shrub 59 
legumes), (b) exploit side streams more efficiently (residues of food, biofuel or wood 60 
production) and (c) increase the use of fibrous feeds not suitable for monogastrics 61 
(wood, shrubs). They may also offer additional benefits such as modification of lipids 62 
in ruminant products (lupins, camelina, microalgae) and mitigation of methane 63 
emissions (lipid-rich feeds, tropical shrubs). 64 
 65 
Introduction 66 
Ruminant-based food production faces currently multiple and global challenges such 67 
as needs to respond to the growing human population and food security, but also to 68 
the pollution of environment and the accelerating climate change. The animal 69 
production sector is also heavily criticised due to food-feed competition i.e. the feeding 70 
of human-edible materials to animals and the use of arable land to produce animal 71 
feed instead of producing human-edible food directly. Recently increasing interest in 72 
biofuel production tightens up the competition on the use of arable land.  73 
 74 
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Ruminants are often criticised for the lower feed conversion efficiency relative to 75 
monogastric livestock, but taking into account differences in the feed rations modifies 76 
the ranking order. Indeed, to produce the same amount of animal protein products 77 
(meat, milk or eggs) much less human-edible feed is needed in ruminant systems than 78 
in monogastric systems (6 vs. 16 kg of human-edible feed DM per kg of protein 79 
products, Mottet et al., 2017). The strengths inherent to ruminant animals in food 80 
production chain could be further developed by more diverse and efficient exploitation 81 
of side streams and increased exploitation of fibrous feeds not suitable for the nutrition 82 
of humans and monogastric livestock. To improve the food system sustainability and 83 
to reach climate change targets, changes in feed and animal production alone are not 84 
adequate. Changes in food consumption as regard to wastage and balanced dietary 85 
choices are also needed (Röös et al., 2017). According to Schader et al. (2015), 86 
feeding animals solely based on food industry by-products and grasslands combined 87 
with changes in human dietary patterns (reductions of animal products) have potential 88 
to decrease the environmental load of food production drastically. For example, 89 
greenhouse gas emissions, nitrogen (N) and phosphorus (P) load, as well as land and 90 
fresh water use could decrease up to 18-46%. 91 
 92 
Almost half of worldwide bovine milk production takes place in the temperate areas of 93 
Europe and Northern America (FAOSTAT, 2016) under intensive (high inputs including 94 
concentrate, high milk yield) or extensive production systems (high forage, low inputs, 95 
moderate or low milk yield). At the present, the ruminant milk and meat production in 96 
Europe relies largely on imported soybean (Glycine max) from South America 97 
(Lindberg et al., 2016). Soybean together with cereals and maize (Zea mays), lucerne 98 
(Medicago sativa) or grass forage are typical dietary ingredients in the intensive 99 
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farming of the temperate zones. However, the highest cattle populations are in the 100 
tropical and subtropical climate zones, the number of cattle in Brazil and India alone 101 
comprising 15 and 13% of global cattle population, respectively (FAOSTAT, 2016). In 102 
the tropics, the forages are typically of poor nutritive value in terms of low protein and 103 
high fibre content that limits the efficiency of animal production. Local protein sources 104 
are thus sought both in the temperate as well as tropical areas.  105 
 106 
Enteric methane emissions from ruminants significantly contribute to the environmental 107 
footprint of agriculture (Herrero et al., 2016). Ruminal methane production also 108 
represents a substantial loss of feed energy. Appropriate forage supplementation and 109 
feed choices to improve forage and total diet digestibility have significantly more 110 
potential to increase ruminant performance and mitigate methane emissions in the 111 
extensive than in the intensive ruminant production systems (Knapp et al., 2014; 112 
Herrero et al., 2016). Modern intensive agriculture is a significant source of N 113 
emissions as well. Globally, about 50% of the N fertilizer applied to conventional 114 
cropping systems is not utilised by plants, but lost to the environment as ammonia 115 
(NH3), nitrate (NO3−), and nitrous oxide (N2O, Coskun et al., 2017). Legumes with 116 
biological N2 fixation (Watson et al., 2017) may offer an environmentally sound and 117 
sustainable nutrient source to ruminants. Furthermore, the N use efficiency of 118 
ruminants is mainly determined by diet N content (Huhtanen et al., 2008) indicating the 119 
potential to reduce N leakages by dietary N optimisation. 120 
 121 
The feasibility of using alternative feeds for ruminants depends among others on the 122 
feed value of novel feeds, animal production responses and feed costs compared to 123 
the conventional feeds. In addition, the environmental footprint of feed and animal 124 
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production, and the economic value of novel feeds in alternative uses such as energy 125 
production are of great importance. The objective of this article is to review the nutritive 126 
value of some currently underutilised or novel feeds for ruminants in the temperate 127 
zones (intensive and extensive farming) and in the tropics (extensive farming). In 128 
addition, the effects of these feeds on ruminant milk production and quality (milk, 129 
protein and fat yields and milk fatty acid composition) as well as meat production 130 
(average daily gains and meat composition) are examined and compared to more 131 
conventional feeds. The environmental load of novel feeds is evaluated based on 132 
requirements for arable land and for fresh water during the feed production and their 133 
possible effects on methane and nitrogen emissions of ruminants. This review 134 
comprises a quantitative evaluation of replacing traditional feeds by alternative ones 135 
on ruminant milk production as well as a comparative estimation of time delay for novel 136 
feeds to enter readily on the market together with their future potential to increase 137 
sustainable production and utilisation in ruminant nutrition. 138 
 139 
Intensive and extensive ruminant production in the temperate zones – protein 140 
and energy supplements  141 
 142 
By-products of food and bioenergy industries  143 
Numerous food and biofuel industry side streams are already used as major 144 
components of ruminant diets such as hulls and feed meals from milling industry, 145 
distillery and brewery by-products, meals and expellers from plant oil production, 146 
molasses and pulps from sugar processing etc. (Feedipedia, 2018; Luke, 2018). 147 
Biofuel by-products as ruminant feeds have been reviewed in detail by Makkar et al. 148 
(2012). Recent attempts have aimed at utilising such side streams that have not 149 
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previously been used. Wadhwa and Bakshi (2013) estimated that nearly 50% of all 150 
fruits and vegetables in the European Union go to waste with losses occurring during 151 
agricultural production, processing, distribution and by consumers. Vegetable residues 152 
may be composted and used as soil amendments but with only a limited added value. 153 
One option to add value to these products is to preserve them by sun drying (Wadwha 154 
et al., 2015) or ensiling (Orosz and Davies, 2015) and feed to livestock. Vegetable and 155 
fruit residues are challenging raw materials for ensiling as they are easily perishable 156 
and typically moist (Wadwha et al., 2015; Table 1; Supplemental Table S1). Solid-state 157 
fermentation of the fruit and vegetable wastes in combination with other non-competing 158 
human food biomass could possibly (a) enrich them with proteins and other nutrients, 159 
(b) improve feed quality and (c) enhance ensilability (Wadwha et al., 2015).  160 
 161 
The production of fruit and vegetable residues is often seasonal, and in many cases 162 
they are produced by small or medium size companies, resulting in rather small 163 
batches. To be able to recycle these residues back into the food chain requires high 164 
hygienic quality of the products and good stability to allow efficient logistics. Some of 165 
the major constraints in the use of fruit wastes are the presence of antinutritional factors 166 
such as pesticides, mycotoxins, heavy metals and dioxins (Wadhwa et al., 2015). 167 
There are however positive experiences as e.g. ensiled tomato and olive by-products 168 
have been successfully used in the diets of dairy goats (Arco-Pérez et al. 2017) and 169 
ensiled apple pomace up to 30% in the diets of lactating dairy cows (Wadhwa et al., 170 
2015). 171 
[Please, add Table 1 near here] 172 
 173 
8 
 
By-products of oilseed crops such as soybean and rapeseed meals and expellers are 174 
widely used as supplementary protein for dairy cows. One of the less used oilseed 175 
crops is an ancient plant camelina (Camelina sativa). Camelina has a moderate seed 176 
yield potential (Table 2) that combined with low nutrient requirements and a good 177 
resistance to diseases, pests and drought makes it adapted also to low-input farming 178 
(Heuzé et al., 2017b). Camelinaseed oil is an economically interesting on-farm raw 179 
material for biofuel production (Keske et al., 2013) to increase farmers’ energy 180 
independence. Camelinaseed oil is also fit for human consumption (Heuzé et al., 181 
2017b). Camelina expeller contains lipids with significant amounts of essential fatty 182 
acids 18:2n-6 and 18:3n-3 (Bayat et al., 2015), but it is also relatively abundant in CP 183 
and essential amino acids (AA) (Table 1). However, ruminal degradability of camelina 184 
protein in situ (76%) was higher than that of soybean (58%) or rapeseed (52%; 185 
Lawrence and Anderson, 2015). Feeding unprocessed or processed camelinaseeds 186 
to ruminants has sometimes, but not always, decreased DM intake (Table 3; 187 
Supplemental Table S2; Table 4; Supplemental Table S3) that may be related to 188 
glucosinolates (Lawrence et al., 2016). Nevertheless, replacing various conventional 189 
protein feeds in ruminant diets with camelina expeller has resulted in comparable milk 190 
and protein yields (Table 3) or average daily gains (ADG, Table 4).  191 
[Please, add Tables 2, 3 and 4 near here] 192 
 193 
Feeding camelina expeller results in high concentrations of trans-11 18:1 and cis-194 
9,trans-11 18:2, unaltered or slightly decreased 18:0 and cis-9 18:1 concentrations and 195 
a significant decrease in total saturated fatty acids in dairy cow (Halmemies-Beauchet-196 
Filleau et al., 2011 and 2017), in sheep (Szumacher-Strabel et al., 2011) and in goat 197 
milk (Cais-Sokolińska et al., 2015) as well as in sheep meat (Table 4). Besides 198 
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beneficially modifying lipids in ruminant milk and meat, camelina lipids at inclusion rate 199 
of 6% in the diet DM decreased ruminal methane and carbon dioxide production of 200 
dairy cows by 29 and 34%, respectively (Bayat et al., 2015). However, caution should 201 
be exercised in the dosage of lipids as the reduction in methane emissions due to the 202 
dietary polyunsaturates may be accompanied with lowered DM intake and milk yield 203 
(Bayat et al., 2015). 204 
 205 
Grain legume seeds 206 
Grain legumes such as faba bean (Vicia faba), pea (Pisum sativum) and lupins 207 
(Lupinus sp.) are old crops cultivated in all arable continents. There are three major 208 
modern lupine species bred to animal feed namely white (Lupinus albus), blue 209 
(Lupinus angustifolius) and yellow lupin (Lupinus luteus). In the short-term, grain 210 
legumes are presumably the most promising alternatives to soybean (Glycine max) 211 
and rapeseed in the temperate areas because their cultivation practices are already 212 
available and implemented (Figure 1). However, grain legume seeds are edible by 213 
humans as well. Therefore, the utilisation of human-inedible feeds for ruminants and/or 214 
feeds the production of which require less or not at all arable land should be 215 
encouraged to improve further the sustainability of food production system in the longer 216 
term.  217 
 218 
The unique capacity of leguminous plants in conjunction with rhizobium symbionts to 219 
biologically fix and utilise atmospheric N enables that inorganic N-fertilisers with rising 220 
prices and high requirement of energy in manufacturing are not required. Indeed, the 221 
emissions of a potent greenhouse gas N2O from legume cultivation are generally lower 222 
than those from N-fertilized crops (1.3 kg/ha vs. 3.2 kg/ha; Watson et al., 2017). The 223 
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seed yield potential of grain legumes under optimal conditions is similar or exceeding 224 
that of conventional protein crops (Table 2). These advantages make legumes 225 
increasingly attractive in the intensive farming in addition to current wide spread use in 226 
the low-input and organic farming.  227 
 228 
A prerequisite for the spread of grain legume production is the profitability relative to 229 
other crops. This is influenced e.g. by yields, volatile producer prices, incentives and 230 
production costs. Though the producer prices of grain legume seeds are on average 231 
1.1 to 2.0 times higher than that of wheat in Europe (FAOSTAT, 2016), the 232 
competitiveness against more common crops such as wheat is uncertain mainly due 233 
to inconsistent DM yields and high seed costs. However, the incentives for protein 234 
feeds and reducing the seed costs by producing the seed on-farm can improve the 235 
competitiveness of grain legume cultivation. The cultivation of grain legumes is more 236 
challenging than that of cereals and grasses as they are sensitive to lodging and due 237 
to pests and pathogens they require efficient crop rotation (van Krimpen et al., 2013). 238 
Nevertheless, the plant breeding may be able to overcome these agronomical 239 
constraints if given enough attention and resources.  240 
 241 
Grain legume seeds differ in the chemical composition, the CP content ranging from 242 
240 (peas) to 400 g/kg DM (soybeans). Soybeans have in general the highest ether 243 
extract (EE) content, whereas faba beans and peas contain significant amounts of 244 
starch and lupin seeds NDF (Table 1). The main storage carbohydrate of lupins is 245 
pectin instead of starch (White et al., 2007). Lupin seeds contain more EE than faba 246 
beans and peas (Table 1) with cis-9 18:1 and 18:2n-6 as major fatty acids (White et 247 
al., 2007). The protein in grain legume seeds, faba beans and lupin seeds in particular, 248 
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is low in methionine (Table 1), which is often the limiting AA for the lactation 249 
performance of dairy cows (e.g. Pisulewski et al., 1996).  250 
 251 
The feasibility of the use of alternative grain legumes in ruminant diets is determined 252 
not only by their chemical composition, but also by the rate and extent of degradation 253 
of nutrients in the rumen. The degradability of faba bean, pea and lupin protein in the 254 
rumen is often over 80% (Watson et al., 2017) that is significantly higher than those of 255 
soybean or rapeseed expellers. In addition, the heat-treatment of faba beans, peas or 256 
lupin seeds to lower ruminal degradability has seldom improved animal performance 257 
(White et al., 2007; Watson et al., 2017). It is plausible that the high protein 258 
degradability in the rumen together with suboptimal AA profile in the undegraded 259 
protein of alternative grain legume seeds limit their production responses in high-260 
yielding ruminants. Faba beans contain also antinutritional factors such as vicine and 261 
convicine (Heuzé et al., 2016a), lupins quinolizidine alkaloids (Wasilewko and 262 
Buraczewska, 1999) and peas lectins and tannins (Heuzé et al., 2017a). However, 263 
ruminants are not susceptible to most of them because of microbial metabolism and 264 
degradation in the rumen (Watson et al., 2017). 265 
 266 
Replacing protein in soybean meal partially or completely with faba beans, blue lupin, 267 
white lupin or peas has resulted in rather similar bovine lactation performances 268 
(Watson et al., 2017; Table 3). Furthermore, the milk fat concentration of medium chain 269 
saturates has been lower and those of cis-9 18:1 and 18:2n-6 higher in cows fed white 270 
lupins seeds relative to soybean meal (White et al., 2007). In contrast, the milk 271 
production responses of alternative grain legumes are often inferior compared to the 272 
rapeseed meal in dairy cow nutrition (Watson et al., 2017; Table 3). Substitution of 273 
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rapeseed meal with faba beans has typically decreased milk protein yield and 274 
increased milk urea concentration and the proportion of N excreted in urine suggesting 275 
less efficient use of protein in faba beans than in rapeseed (Puhakka et al., 2016; Table 276 
3), thus leading to increased N emissions from animals. 277 
 278 
Partial or total replacement of soybean or rapeseed protein by faba beans, lupin seeds 279 
or peas has not significantly altered ADG or meat chemical composition in growing 280 
sheep or cattle (Table 4). Besides replacing protein in ruminant diets, starchy faba 281 
beans and peas (Table 1) and lupins with higher metabolizable energy content than 282 
cereals (Watson et al., 2017) have potential in replacing cereals as well. Indeed, the 283 
substitution of cereal grains by grain legumes in dairy cow diets generally increases 284 
milk production (White et al., 2007; Watson et al., 2017). Furthermore, starch in peas 285 
and faba beans has lower degradability in the rumen than cereal starch (Watson et al., 286 
2017) that lowers the risk for acidosis. 287 
 288 
Biorefining of forage crops 289 
Intrest in using grass biomass as a raw material for green biorefineries has arisen 290 
recently (McEniry and O’Kiely, 2014; Hermansen et al., 2017). Grass is effective in 291 
converting solar radiation into chemical forms of energy and it grows well in humid 292 
temperate areas with a capacity for higher biomass and CP production compared to 293 
most annual crops (Table 2). Further, existing technology is available for its cultivation, 294 
harvesting and ensiling (Wilkinson and Rinne, 2018). When preserved as silage, the 295 
grass biomass can be refined all year round although losses in the protein and water 296 
soluble carbohydrates will take place during the fermentation process compared to the 297 
parent herbage. 298 
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 299 
Typically the first step in a green biorefinery process is liquid-solid separation resulting 300 
in a liquid fraction containing the soluble components of grass and a fibrous solid 301 
fraction. The yield of the fractions depends on the technical solutions of the process, 302 
but it is also greatly affected by the raw material characteristics. The ensiling process 303 
can even serve as a pretreatment for the biorefinery process, and it may be further 304 
improved by using fibrolytic enzymes at the time of harvest as it has increased the 305 
liquid yield (Rinne et al., 2017). In the simplest approach, grass juice can be used as 306 
a liquid feed to enrich the diet with highly nutritive forage based component and it is 307 
readily consumed by dairy cows and monogastric animals (Rinne et al., 2018), or the 308 
fibre fraction can be used as a feed for ruminants (Savonen et al., 2018). Grass fibre 309 
is less lignified than e.g. woods and straw, and milder processes can be used to 310 
hydrolyse it (Niemi et al., 2017). The hydrolysed sugars can further be used for a 311 
variety of purposes including direct use as feeds, and as substrates for lactic acid 312 
fermentation or single-cell protein production. Green biorefineries have potential to 313 
improve local nutrient self-sufficiency, provide new business opportunities for rural 314 
communities and to produce ecosystem services such as improved soil structure, 315 
carbon sequestration and biodiversity. The high costs related to transportation and 316 
processing have to date prevented the development of commercial green biorefineries 317 
on a large scale (Xiu and Shahbazi, 2015). 318 
 319 
Intensive and extensive ruminant production in the temperate zones – fibrous 320 
feeds  321 
 322 
Grain legumes as forage 323 
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Harvesting grain legume stands as whole crop silage enables the utilisation of nutrients 324 
in stems and leaves as well and extending the cultivation in areas where the length of 325 
growing season may limit complete seed ripening. Although yield potential and organic 326 
matter digestibility of grain legume stands are high (Rinne et al., 2014; Table 2), data 327 
on the effects of grain legume whole crop silages on ruminant performance and product 328 
quality is limited. In milk production, white lupin silage resulted in lower total DM 329 
intakes, but almost similar bovine lactation performance to maize silage as basal 330 
forage (Kochapakdee et al., 2002). In meat production, animal performance has been 331 
similar or better when white lupin or pea silages have replaced partially or completely 332 
grass silage in cattle or sheep diets (Table 4). Due to their lower fibre concentration 333 
relative to grass silage, legume silages may lower ruminal methane emissions (Hristov 334 
et al., 2013).  335 
 336 
Compared to sole cropping, the bi-cropping of grain legumes and cereals may enhance 337 
and stabilize DM yields, reduce weeds and plant diseases and improve N-fixation 338 
(Hauggaard-Nielsen et al., 2008). As a forage, grain legume-cereal crop mixtures 339 
complement the nutritive value of each other providing an appropriate balance 340 
between readily fermentable nutrients and N in the rumen (Watson et al., 2017). 341 
Replacing half of the grass silage DM with faba bean-wheat silage had no effect on 342 
DM intake or bovine milk, fat and protein yields or feed N conversion efficiency to milk 343 
protein (Lamminen et al., 2015). Whole crop faba bean-wheat or pea-wheat silages 344 
have successfully replaced grass silage in beef production as well (Table 4). Due to 345 
the lower costs of N fertilizers and good yield potential, grain legume silages seem to 346 
provide a viable alternative for maize and grass silages both in the intensive and 347 
extensive production systems (Table 2). The feeding value and ruminal methane 348 
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emissions of diets containing forage legumes (lucerne, clovers) have been reviewed 349 
elsewhere (Dewhurst, 2013). 350 
 351 
Temperate wood-derived products  352 
Wood is the most abundant source of carbohydrates worldwide. Principal components 353 
of wood are cellulose (400 to 450 g/kg DM) and hemicelluloses (200 to 300 g/kg DM, 354 
Sjöström, 1993). Agroforestry approaches in ruminant nutrition are less common in the 355 
temperate areas compared to the tropics or the Mediterranean area. There are 356 
however some applications where e.g. willow (Salix sp.) production for wood chips and 357 
the grazing of ruminants are combined to provide additional benefits such as improved 358 
microclimate for the animals, self-medication and soil carbon sequestration, although 359 
the potential of the untreated wood based materials to provide energy and nutrients to 360 
high yielding dairy cows is limited (Smith et al., 2012, 2014). Indeed, the in vitro 361 
digestibility of DM of untreated wood of various tree species was poor with a range 362 
from 0.002 to 0.035 (Millett et al., 1970).  363 
 364 
A variety of technologies have been used over decades to improve the digestibility of 365 
wood derived lingo-cellulosic materials. The key is to break the link between the lignin 366 
and the cell wall carbohydrates, particularly hemicelluloses, in order to improve the 367 
digestibility of ligno-cellulose by rumen microbes. Most pulping and papermaking 368 
residues have undergone at least partial delignification. Depending on the process, the 369 
residue may contain different proportions of hemicellulose and/or cellulose with or 370 
without lignin. The digestibility of pure cellulose is rather high and corresponds to the 371 
digestibility of typical ruminant feeds such as cereal grains and good quality forages. 372 
Saarinen et al. (1959) determined the in vivo digestibility of 40 wood pulps produced 373 
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by various pulping methods and reported a range in digestibility from 0.27 to 0.90 374 
depending on the lignin content. The in vivo digestibility of bleached (lignin erased and 375 
the pulp whitened) chemical pulp fines from mixed hardwood was 0.78 for DM and 376 
0.86 for carbohydrates (Millett et al., 1973), indicating that the materials have a high 377 
energy value for ruminants.  378 
 379 
Although wood derived cellulose can be used as a feed for ruminants, it has higher 380 
value as e.g. paper raw material. In contrast, hemicelluloses are a by-product of 381 
pulping that are typically burned, and interest of using them as feeds has arisen. 382 
Hemicelluloses are not homogeneous compounds but a group of mixed 383 
polysaccharides. They can be divided into four groups according to their main type of 384 
sugars: xylans, xyloglucans, mannans and β-glucans. Spruce (Picea sp.) and pine 385 
(Pinus sp.; softwood) contain somewhat less hemicelluloses than birch (Betula sp.; 386 
hardwood) and hemicellulose composition differs between species (Saarinen et al., 387 
1959). Glucomannans and galactomannans are the principal hemicelluloses of 388 
coniferous trees (spruce and pine) and xylans in deciduous trees (birch) while β-389 
glucans are restricted to grasses.  390 
 391 
Hemicelluloses in a liquid form are often called wood molasses or wood sugar 392 
concentrates. They have successfully been used as diet components for ruminants at 393 
up to 10% of DM intake (Zinn et al., 1990 and 1993; Herrick et al., 2012). An in vitro 394 
gas production experiment revealed that hot water and pressure extracted 395 
galactoglucomannan and xylan were readily used as fermentation substrates by rumen 396 
microbes of dairy cows fed a grass silage and cereal based diet but arabinogalactan 397 
was not (Rinne et al., 2016). In an in vivo digestibility trial, the organic matter 398 
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digestibility (OMD) of the hot water and pressure extracted galactoglucomannan was 399 
0.591 (Rinne et al., 2016). 400 
 401 
Bark is another component of wood that has limited value in the pulp and sawmill 402 
industry. Although wild ruminants consume bark voluntarily, the energy value of it is so 403 
low that incorporating it into dairy cow diets resulted in the reduction of milk production 404 
(P. Kairenius et al., unpublished results). Thus, some processing would be needed to 405 
improve the digestibility of bark. Wood derived feeds typically have very low N and P 406 
concentrations. If the basal diet were high in these nutrients, wood derived feeds could 407 
dilute diets and subsequently increase e.g. the N use efficiency of lactating dairy cows 408 
as it is mainly determined by N intake (Huhtanen et al., 2008). Wood derived feeds 409 
may also provide a source of feed in the case of lack of other feeds e.g. in crisis 410 
situations. In general, they may fit best in the diets of animals with low energy 411 
requirements rather than in dairy cow diets in the intensive production systems. 412 
 413 
Extensive ruminant production in the tropics – protein supplements 414 
 415 
Fodder trees and shrubs  416 
Low quality forages such as rice (Oryza sativa) straw and pangola (Digitaria eriantha) 417 
grass low in protein and high in NDF and ADF are common in ruminant nutrition in the 418 
tropics (42, 691 and 424 g/kg DM for rice straw (Heuze and Tran, 2015b) and 5-12, 419 
610-790 and 350-420 g/kg DM for pangola grass (Tikam et al., 2013), respectively). 420 
Thus, the basal diet is typically much lower in protein and higher in fibre compared to 421 
that used in the intensive ruminant production of the temperate zones. In Asian tropics, 422 
rice straw is commonly supplemented with cassava (Manihot esculenta) chip rich in 423 
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soluble carbohydrates but poor in CP (750 to 850 g/kg DM and 20 to 30 g/kg DM, 424 
respectively; Wanapat and Kang, 2015) and soybean meal. However, the high price 425 
of soybean meal limits its use in smallholder farming.  426 
 427 
Leaves of local fodder trees and shrubs such as cassava, leuceana (Leucaena 428 
leucocephala), moringa (Moringa oleifera) and sesbania (Sesbania sesban) often 429 
contain almost as much CP as NDF (Table 1), the concentration of former being 430 
roughly half of that in soybean meal. Supplementing the rice straw based diets with 431 
these alternative protein sources increases DM intake, improves microbial protein 432 
synthesis in the rumen and the efficiency of rumen fermentation with a shift towards 433 
propionate (Table 5; Supplemental Table S4), thus potentially mitigating methane 434 
production. These beneficial changes may be due to certain natural secondary 435 
compounds present in these alternative feeds, namely condensed tannins and 436 
saponins (Wanapat et al., 2013). 437 
[Please, add Table 5 near here] 438 
 439 
Combined food-feed production system to provide a year round feeding calendar and 440 
to enrich smallholder farming environment is illustrated in Supplemental Figure S1. 441 
Under the proposed system, two grass types with (a) erect and tall growth habit and 442 
(b) semi-prostrate or prostrate growth habit are used to maximise the biomass 443 
production under zero-grazing and grazing, respectively. Roots from cassava can be 444 
utilised as a carbohydrate source while the whole top is dried to provide protein 445 
(Wanapat, 2009; Wanapat et al., 2017). Additionally, the leaves of fodder trees and 446 
shrubs such as leguminous leucaena, flemingia (Flemingia macrophylla), and moringa 447 
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are harvested in intervals and used fresh or preserved for later use. The intercropping 448 
of cassava with leguminous crops, e.g. common bean (Phaseolus calcaratus) and 449 
cowpea (Vigna unguiculata), has potential to improve soil fertility and to increase 450 
biomass yield (Wanapat, 2009; Wanapat et al., 2017). Crop residues such as rice 451 
straw, corn stover and sugar cane top are also exploited in ruminant feeding. 452 
 453 
Jatrophas 454 
Jatrophas are drought-resistant shrubs or small trees native to American tropics and 455 
widely distributed in the tropical and subtropical regions around the world. Jatropha 456 
genus includes more than 175 species, J. curcas being one of the most studied 457 
species in animal feeding. Jatropha is an interesting biofuel crop due to the high EE 458 
concentration of its kernels (570-600 g/kg DM; Makkar et al., 2012), and the de-fatted 459 
kernel residue, jatropha kernel meal, is a good source of nutrients with CP 460 
concentration of 620 to 770 g/kg DM (Table 1). In comparison to soybean protein, 461 
jatropha is deficient in lysine, but richer in other essential AA (Table 1; Makkar et al., 462 
2012).  463 
 464 
The majority of jatropha species are highly toxic to both ruminants and monogastrics 465 
due to phorbol esters (1-3 mg/g kernel meal; Makkar et al., 2012), but they can 466 
successfully be detoxified. The complete detoxification is absolutely necessary to 467 
avoid animal mortality (Elangovan et al., 2013). In addition, the high concentration of 468 
antinutritional factors (trypsin inhibitors, lectin and phytate) may limit the use of 469 
jatropha especially for monogastrics unless deactivated by heat treatment and 470 
supplemented with phytase enzyme. When completely detoxified, the substitution of 471 
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soybean by jatropha has not impaired the DM intake or ADG of sheep and goats 472 
(Table 4). Though the yield potential is high (Table 2), the inconsistency of yields of 473 
current cultivars is the major restriction for the spread (Heuzé et al., 2016b). 474 
 475 
All production systems of ruminants worldwide – alternative protein and fibrous 476 
feeds 477 
 478 
The major advantages of single-cell protein, seaweed and duckweed are the 479 
independence of production from arable land and of weather conditions as well as the 480 
high and continuous harvests (Nasseri et al., 2011; van der Spiegel et al., 2013; Table 481 
2). However, cultivation, harvesting, preservation (especially drying) and application in 482 
feed in a large scale needs further research (van Krimpen et al., 2013) to lower the 483 
production cost of these novel feeds to competitive level. In the long-term, microalgae 484 
and duckweed have perhaps the greatest potential to become viable local protein and 485 
fibre sources for ruminants worldwide (Table 2; Figure 1). 486 
 487 
Single-cell protein  488 
Single-cell protein consists of microbial cells from yeast, bacteria, fungi or microalgae. 489 
These micro-organisms can utilise a wide variety of inexpensive feedstocks and 490 
wastes as sources of carbon, nutrients and energy for growth to produce biomass rich 491 
in protein. The protein content of SCP varies due to culture conditions, species and 492 
strains (Lindberg et al., 2016) but is in the same order as in soybean expeller (Table 493 
1). The major constraints are the risk for allergens and the accumulation of heavy 494 
metals, pesticides and toxins especially if grown on polluted and contaminated 495 
substrates, generally high nucleic acid content (bacteria and yeasts > fungi > 496 
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microalgae; 60-120, 70-100, 30-80 g/kg DM, respectively) and economical and efficient 497 
mass-scale production and harvesting (Nasseri et al., 2011; Lindberg et al., 2016). 498 
Dietary nucleic acids and their derivatives are rapidly degraded in the rumen and 499 
certain end-products can be re-used as sources of carbon and N for bacterial growth 500 
(McAllan, 1982), but the N in nucleic acids is not as easily available as that of true 501 
protein or ammonia.  502 
 503 
The basic stages of SCP production process include (a) medium preparation, (b) 504 
fermentation or photosynthesis and (c) harvesting and downstream processing like 505 
washing, cell disruption, protein extraction and purification (Ravindra, 2000). The SCP 506 
concept was introduced already during the First World War primarily as a human food 507 
(Lindberg et al., 2016). However, the higher production costs of SCP linked to 508 
challenges in efficient and economical cell recovery in relation to more conventional 509 
foods and feeds is perhaps the main reason why SCP has not reached widespread 510 
commercial use so far. Established processes include the use of yeasts Candida 511 
lipolytica and C. tropicalis with alkanes as substrate (product called Toprina), 512 
bacterium Methylophilus methtlotrophus with methane as substrate, bacterium 513 
Pseudomonas methylotrophus (Pruteen) with methanol as substrate, filamentous 514 
fungus Peacilomyces variotii grown on sulphite spent liquor of forest industry 515 
sidestream (Pekilo) and yeast Kluveromyces marxianus grown on whey (Nasseri et al., 516 
2011). The reasons why the SCP concept could become more common and 517 
economically viable in future are the rising ecoawareness and the need to intensify 518 
nutrient and resource utilisation combined with the sharp price rises caused by the 519 
prospect of protein scarcity (Lindberg et al., 2016).  520 
 521 
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Microalgae  522 
Microalgae are a diverse group of unicellular or simple multicellular microorganisms 523 
with widely varying nutritive composition (Table 1). As animal feed, microalgae have 524 
several potential uses. Species high in lipids, such as 22:6n-3-enriched Schizochytrium 525 
sp., can be used to modify ovine (Bichi et al., 2013) or bovine (Boeckaert et al., 2008) 526 
milk fat healthier for humans in terms of increased trans-11 18:1, cis-9,trans-11 18:2 527 
and n-3 content. Algal 22:6n-3 supplementation has increased also the n-3 content of 528 
ruminant meat (Meale et al., 2014), but no effects were found on methane production 529 
(Moate et al., 2013). In turn, microalgae or defatted microalgae residues high in CP 530 
(e.g. Spirulina platensis and Chlorella vulgaris), or high in carbohydrates can substitute 531 
conventional protein (Lamminen et al., 2017) or energy feeds (van Emon et al., 2015), 532 
respectively.  533 
 534 
The AA composition of microalgae generally compares favourably to soybean meal 535 
(Becker, 2013) and rapeseed meal (Feedipedia, 2018; Luke, 2018), but may vary 536 
significantly between species (Table 1). However, in comparison to rapeseed meal and 537 
soybean meal, microalgae protein is often lower in histidine, which is typically the first 538 
AA limiting milk production on grass silage and cereal based diets (e.g. Vanhatalo et 539 
al., 1999). The protein degradability of many microalgae species is suggested to be 540 
higher than that of rapeseed (Costa et al., 2016; Lamminen et al., 2017), soybean and 541 
cottonseed meals (Costa et al., 2016), but this can possibly be affected by the growing 542 
and harvesting conditions of microalgae (Lodge-Ivey et al., 2014). Compared to the 543 
conventional protein or energy feeds, large doses of microalgae or defatted microalgae 544 
residue may impact negatively on feed intake of ruminants depending on microalgae 545 
composition (an Emon et al., 2015; Costa et al., 2016; Lamminen et al., 2016, 2017). 546 
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The palatability of microalgae can possibly be improved by feed processing, e.g. 547 
pelleting (Hintz et al., 1966). Compared to rapeseed meal, microalgae have not 548 
affected milk yield, but decreased the milk protein yield of dairy cows in late lactation, 549 
which together with decreasing N utilisation for milk production suggests that the 550 
protein value of microalgae is possibly slightly lower than that of rapeseed meal 551 
(Lamminen et al., 2017), but similar to soybean protein (Table 3).  552 
 553 
The local on-farm production of microalgae in ponds or in closed photoreactors 554 
connected to animal drinking water system could lower the energy inputs of feed 555 
drying, preservation and transportation making microalgae cultivation in future a viable 556 
concept also in the extensive farming. Indeed, microalgae have successively been 557 
distributed through drinking water (Panjaitan et al., 2010) to growing cattle grazing low 558 
quality grasses to improve microbial protein production in the rumen and diet 559 
digestibility (Panjaitan et al., 2015). In addition, microalgal derived renewable biofuels 560 
have high potential to replace fossil fuels of diminishing reserves in future. The cost for 561 
the biofuels production from microalgae is not yet competitive with fossil fuels, but with 562 
advancing technologies and possible government incentives it may soon become 563 
profitable (Milano et al., 2016) thus providing defatted microalgae residues for livestock 564 
in a mass-scale. 565 
 566 
Seaweeds 567 
Seaweeds are complex multicellular organisms growing in salt water or a littoral zone 568 
of marine environment (van der Spiegel et al., 2013). They can be of many different 569 
shapes, sizes, colours and composition. Fresh seaweed contains very large amounts 570 
of water (700–900 g/kg DM) and needs to be consumed quickly or preserved by e.g. 571 
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drying or ensiling. Brown algae (Phaeophyceae) are of lesser nutritional value than red 572 
(Rhodophyceae) and green algae (Chlorophyceae) due to lower CP content (up to 140 573 
vs. up to 500 and 300 g/kg DM, respectively). The protein content of marine seaweeds 574 
varies between seasons, but in situ rumen degradable protein remains unaffected with 575 
high inherent variability between algal species (24 to 51% of CP; Tayyab et al., 2016). 576 
Protein in all seaweeds is typically deficient in essential AA except for methionine 577 
(Makkar et al., 2016; Table 1).  578 
 579 
Seaweeds are low in cellulose (about 40 g/kg DM) but rich in specific complex 580 
carbohydrates (e.g. alginate, laminarin and fucoidan). Step-wise increase in the levels 581 
of seaweeds in the diet may enable rumen microbes to adapt and utilise these 582 
compounds (Makkar et al., 2016). Seaweeds concentrate heavy metals and minerals 583 
from seawater and contain several times the ash content of land plants that limits their 584 
gross energy value and requires regular monitoring (van der Spiegel et al., 2013; 585 
Makkar et al., 2016).  586 
 587 
Makkar et al. (2016) have recently reviewed in detail the nutritive value of seaweed 588 
indicating that some species have the potential to contribute to the protein and energy 589 
needs of ruminants (e.g. Macrocystis pyrifera, Palmaria palmatata, Laminaria digitata, 590 
Ulva lactuca), while others contain a number of bioactive compounds, which could be 591 
used as prebiotics for enhancing production and health status of animals (e.g. 592 
Ascophyllum nodosum). Moreover, some seaweed species have shown potential to 593 
mitigate ruminal methane production in vitro depending on the basal diet (Maia et al., 594 
2016). The seaweeds used for animal feeding can be cultivated or harvested in the 595 
wild (Table 4; Makkar et al., 2016; Tayyab et al., 2016) serving to mitigate nutrient 596 
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loading and to counteract eutrophication processes (Lindberg et al., 2016). However, 597 
high collection rates in the wild have impaired the equilibrium of coastal ecosystems 598 
(Makkar et al., 2016). In addition, increased cultivation of seaweeds may promote 599 
increased production of bromoform, a metabolic by-product of seaweeds that causes 600 
the depletion of atmospheric ozone layer (Carpenter and Liss, 2000). 601 
 602 
Duckweeds 603 
Duckweeds are monocotyledonous, small floating plants with no stems or true leaves 604 
of the botanical family Lemnaceae comprising of 4 genera (Lemna, Spirodela, Wolfﬁa 605 
and Wolﬁella). Duckweeds are found worldwide, but they grow best in stagnant water 606 
between 17.5 and 30°C (Heuzé and Tran, 2015a) and may have a 50% biomass 607 
increase every two days (van Krimpen et al., 2013). Thus, duckweed is a potential 608 
novel nutrient source for herbivores worldwide. Only few studies have been performed 609 
on duckweed in ruminants (van der Spiegel et al., 2013). Overall, duckweed is 610 
consumed well in both dried and fresh forms (Heuzé and Tran, 2015a) and it can 611 
supply a significant proportion of protein and other nutrients to animals with no 612 
significant adverse effects on performance (Cheng and Stomp, 2009; Zetina-Cordoba 613 
et al., 2013).  614 
 615 
The duckweed protein is much lower in essential AA histidine, methionine and lysine 616 
compared to that of soybean and rapeseed expeller (Table 1) that may limit 617 
duckweed’s production responses relative to them. Estimates of ruminal protein 618 
degradability vary widely between 50 and 80% (Heuzé and Tran, 2015a). Duckweed 619 
contains significant amounts of ash and NDF (Table 1), but has low lignin content (57 620 
g/kg DM; Heuzé and Tran, 2015a). It has therefore potential to substitute also forage 621 
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(Zetina-Cordoba et al., 2013) and minerals (particularly P; van der Spiegel et al., 2013) 622 
in ruminant diets. Nevertheless, high oxalic acid content may restrict the use of 623 
duckweed for livestock (van der Spiegel et al., 2013). 624 
 625 
Similarly to microalgae, local on-farm production of duckweed e.g. in ponds may offer 626 
a viable concept for ruminant feed production in future. Nutrient scavenging from field 627 
runoffs, manure and greywater by duckweeds has potential to reinforce circular 628 
economy practices at farm level and to decrease the environmental footprint of 629 
ruminant-based food production systems. The very high growth rate (van Krimpen et 630 
al., 2013) enables that duckweed could be regularly harvested and fed to animals as 631 
fresh. Feeding fresh duckweed also limits the costs related to drying and preservation 632 
on-farm. Due to much bigger particle size relative to microalgae, simple mechanical 633 
harvesting of duckweed is feasible. 634 
 635 
Conclusions  636 
In the short term, the seeds and whole crop forages of N-fixing grain legumes as well 637 
as by-products from food and biofuel industries have the greatest potential to replace 638 
or supplement traditional crops in ruminant rations in the intensive and extensive 639 
production systems in the temperate zones (summarising Figure 1). Lipid-rich 640 
camelina expeller, as an example, beneficially modifies the fatty acid composition of 641 
ruminant products with potential to mitigate simultaneously enteric methane formation, 642 
whereas the oil fraction of seeds could be used as an on-farm biofuel to increase the 643 
energy independence of farmers. In the tropics, the leaves of fodder trees and shrubs 644 
(e.g. cassava, Leucaena sp., Flemingia sp.) are good protein supplements for 645 
ruminants especially in the extensive production systems where the potential to 646 
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improve diet digestibility and to mitigate enteric methane emissions is the highest. 647 
Combined food-feed production system to improve animal productivity and the 648 
efficiency of nutrient recycling as well as to decrease footprint on environment is 649 
recommended to smallholders (summarising Supplemental Figure 1), whereas 650 
detoxified jatropha meals could be suited for larger-scale feed and animal production 651 
in the tropics. 652 
 653 
In the long-term, microalgae and duckweed of high yield potentials may become 654 
economically competitive local protein and fibre sources, respectively, for ruminants 655 
worldwide (Figure 1). This is due to the independence of their production from arable 656 
land and weather conditions while animal performance and product quality remain 657 
comparable to the traditional feeds. Microalgal derived renewable biofuels have a high 658 
potential to replace fossil fuels of diminishing reserves in future, thus providing defatted 659 
microalgae residues for intensive livestock farming in a mass-scale. Furthermore, on-660 
farm production of microalgae connected to animal drinking water system could lower 661 
energy inputs of feed drying, preservation and transportation making microalgae 662 
competitive feed ingredient also in extensive farming. Exploitation of vast nutrient 663 
reserves in forests both in the temperate and tropical zones warrants further research 664 
on their feed value, the breaking of lignin-linkages of wood material and subsequent 665 
animal production responses. 666 
 667 
Under the climatic conditions changing at an accelerating pace, the ruminant-based 668 
livestock systems in both temperate and tropical environments are very flexible in the 669 
types of biomasses that can be used as feeds. Despite the environmental footprint of 670 
ruminants, their importance in food production system cannot be ignored because of 671 
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their unique ability to naturally consume fibrous vegetable material not exploitable to 672 
humans and other monogastrics and convert it to milk and meat of high nutritive value. 673 
Transition to ruminant diets comprising fibrous feed sources supplemented exclusively 674 
on alternative and novel feeds has great potential to improve sustainability of ruminant-675 
derived food production, which will not compete with human-edible food materials.  676 
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Table 1 Chemical composition of some alternative and common feeds for ruminants  966 
 DM  Ash NDF Starch   EE2 CP  His Met Lys 
Feed1 g/kg  g/kg DM  g/kg CP 
Common protein feeds            
Rapeseed expeller 899  69 299  92 391  28 22 56 
Soybean expeller 907  68 111  77 493  27 14 63 
By-products of food industry           
Apple pomace 360  26 525  50 77     
Camelinaseed expeller 905  69 305 2 156 357  23 20 46 
Cauliflower leaf 654  162 145   126     
Cucumber waste 37  113 168   163     
Grape marc 876  63 658  64 115  29 15 45 
Tomato fruit waste 62  101 191   103     
Olivesilage (pulp + leaf) 575  127 390   88     
Grain legume seeds            
Faba bean 866  39 159 447 14 290  26 8 62 
Lupin, blue 915  42 253 122 63 332  28 7 50 
Lupin, white 912  43 235 84 105 344  23 8 50 
Lupin, yellow 898  54 254 35 53 435  27 7 50 
Pea 865  35 142 513 12 239  25 10 72 
Soybean 887  57 132 64 214 396  26 14 62 
Grass silage juice  98  193    190     
Grain legume whole crop stands           
Faba bean  168  62 387 82  175     
Lupin, white 142  68 395   169     
Pea 198  65 397 67  167     
Trees or shrubs (leaves unless otherwise stated)       
Cassava  250  126 459   223   463  
Flemingia  290  53 531   258   583  
Leucaena  320  64 316   205   363  
Moringa  330  115 219  54 251  31 21 66 
Pine bark   22 667  47 28     
Sesbania   290  103 258   233     
Willow 264  71 573   167     
Jatropha kernel meal, 
detoxified 
876-971  79-136 98-
200 
68-120 4-52 624-775  27-33 14-17 30-36 
Single-cell protein            
Bacteria   30-70   10-30 500-650  23 30 61 
Fungi   90-140   20-80 300-450  15-20 15-17 38-61 
Microalgae            
Chlorella vulgaris 946  57 0 43 95 608  18 19 49 
Euglena gracilis 960  35 0  138 240  26 20 66 
Scenedesmus obliquus   60-100   120-140 500-600  15-17 12-21 50-57 
Schizochytrium sp.   82 64  380-710 121  8 < 8 33 
Spirulina platensis 940  70 0 64 55 692  16 22 39 
Yeast   50-100   20-60 450-550  21-22 13-21 74-77 
Seaweed            
Ascophyllum nodosum 100-300  225 209  39 80  14 13 46 
Macrocystis pyrifera 100-300  320 199  6 101  13 19 47 
Ulva spp 100-300  230 262  12 186  20 16 38 
Duckweed 56  159 401  61 291  17 8 39 
1 References in Supplemental Table S1 2 Ether extract 3 Tannins g/kg DM 4 Crude fibre967 
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Table 2 The suitability for local production of some common and alternative feeds in different production systems, potential yields in 968 
Europe, the need of land or water for feed production and other main environmental aspects regarding crop and ruminant production 969 
 Local production1 Yield2 t/ha Need for Other environmental aspects 
Feed TInt TExt Tropics DM N   Land Fresh 
water 
Common feeds         
Rapeseeds Yes Yes  1.5-3 0.6-1.2 Arable High Need for N fertilization to get high yields.2 
Soybeans Yes Yes Yes 3 0.8 Arable High Legume, but day length and temperature restricts yield 
potential and expansion to northern periphery.2  
Wheat Yes Yes (Yes) 10 1.1 Arable High Need for N fertilization to get high yields. 
Grass forage Yes Yes (Yes) 10-15 1.2-2 Arable High Need for N fertilization to get high yields, or inclusion of 
forage legumes. 
Alternative feeds         
Camelina seeds Yes Yes  3 0.8 Arable High Modest needs for cultivation compared to rapeseed. 
Polyunsaturates of Camelina lipid may decrease ruminal 
methane emissions.3 
Legume grains 
peas, beans, lupins 
Yes Yes (Yes) 4-6 1-2 Arable High Legumes, therefore no need for N fertilization. High ruminal 
degradability of protein and unbalanced amino acid profile of 
undegradable protein may increase N emissions from 
ruminants.4 
Legume forage Yes Yes  13 2.5 Arable High Legumes, therefore no need for N fertilization. Due to lower 
fibre content, legume forages may mitigate ruminal methane 
emissions. 
Hemicellulose  Yes Yes   Forest High Low in N and P. Incorporation in the diet may improve N and 
P use efficiency if basal diet is excessive in these nutrients. 
Leaves (tropical trees 
and shrubs)  
  Yes   Forest High Secondary compounds in certain species may direct rumen 
fermentation towards propionate and thus mitigate 
methane.5 
Jathropa fruit   Yes 2.5-56 1.7-3.46 Arable 
Forest 
High Decrease soil erodibility due to lateral roots.6 Utilization of 
jatropha kernel meal that is a by-product of oil extraction as 
animal feed improves overall nutrient recycling.  
Single-cell protein 
excluding microalgae 
Yes Yes Yes   No Low Can recover nutrients from wastewaters and transform low-
value organic by-products to feed. 
Microalgae Yes Yes Yes 15-30 4-15 No Low Can recover nutrients from wastewaters. Based on chemical 
composition, species rich in lipids and low in fibre may have 
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potential to mitigate ruminal methane emissions. Ruminal 
protein metabolism warrants further research.  
Seaweed  (Yes) (Yes) 25 2.5-7.5 No No Harvesting in the wild decreases nutrient loading of marine 
environment, but effective cultivation and harvesting may 
impair the equilibrium of coastal ecosystems.7 
Duckweed Yes Yes Yes 30-40 10-18 No High Can recover nutrients from wastewaters. 
1TInt = Intensive temperate production, TExt = Extensive temperate production, Yes = suitable, (Yes) = suitable with some restrictions such as 970 
species or cultivars (pulses, grass and wheat) or the proximity of the seaside (seaweed) 971 
2Van Krimpen et al., 2013 972 
3Bayat et al., 2015 973 
4Watson et al., 2017 974 
5Table 3 975 
6 Yield potential in tropical areas; Heuzé et al., 2016b 976 
7Makkar et al., 2016 977 
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Table 3 The effect of some alternative protein feeds on milk production of ruminants  978 
Species  Alternative  
protein  
feed1 
Control 
protein 
feed2 
  SR3 
  % 
Diet 
DMI4 
 
%5 
Milk 
yield in 
control 
kg/d 
Yield  %5 Milk 
urea  
 
%5 
N6 Ref.7 
 Milk Lactose Fat Protein  
Cow Camelina E RSM 100 -3 31 4 4 -3 1 -16 1 1 
 Faba bean RSM 50 -3 31-32 -2 -2 0 -4 7 2 2 
 Faba bean RSM 100 -4 25-35 -6 -5 -2 -7 13 5 2-5 
 Faba bean SBM 40 -18 20-22 0 1 -3 -1 -10 2 6 
 Faba bean SBM 100 -1 27 0 1 -3 -1 -10 1 7 
 Lupin, blue RSM 50 -1 31 -4 -3 0 -2 -5 1 8 
 Lupin, blue RSM 100 -4 31-35 -6 -3 2 -6 2 2 4,8 
 Lupin, white SBM 100 -1 26-38 0 1 -1 -3 3 5 9-11 
 Lupin, yellow SBM 100 -5 32 -6 -5 0 -9 nr9 1 12 
 Pea RSM 50 -1 24 -2 -2 1 -3 2 1 13 
 Pea RSM 100 -3 24-25 -6 -6 -5 -7 12 2 5,13 
 Pea RSM-SBM 95 nr 32 -5 nr 6 -2 nr 1 14 
 Pea SBM 33-80 4 21-35 2 3 3 4 17 5 15-17 
 Pea SBM 100 2 21-27 2 3 1 3 -2 2 15,18 
 Microalgae RSM 50 -1 23-31 0 -1 -1 2 4 3 3,19 
 Microalgae RSM 100 0 23-28 -3 -2 -2 -1 3 2 19 
 Microalgae SBM 100 0 30 4 4 11 4 -8 3 20 
             
Sheep Camelina E RSM 50-60 nr 1.2 11 -1 -6 -2 nr 2 21,23 
 Camelina E RSM 100 nr 1.2 8 -1 -14 -1 nr 1 21 
 Camelina S SBM 50 -2 0.7-0.8 7 8 11 6 nr 2 23 
 Faba bean SBM 100 2 0.7-0.8 -1 2 -1 2 nr 2 24,25 
 Lupin, white SBM 100 -5 1.4 5 8 3 1 -2 1 26 
 Pea SBM 100 -2 0.7-0.8 9 12 7 4 -2 2 24,25 
 Pea SBS-SFM 100 -5 1.0 4 3 6 8 nr 1 27 
             
Goat Faba bean CS 100 0 1.1 -2 -11 -11 0 nr 1 28 
 Faba bean WLS 100 3 1.6 1 -2 -3 0 nr 1 29 
1E = expeller, S = seed 979 
2CON = concentrate mixture, CS cottonseeds, RSM = rapeseed meal, SBM = soybean meal, SBS = 980 
soybean seeds, SFM = sunflowerseed meal, WLS = white lupin seeds 981 
3Isonitrogenous substitution rate of control protein feed by alternative protein feed 982 
4DMI = dry matter intake 983 
5Change (%) due to alternative protein feed compared to control protein feed 984 
6Number of diet comparisons 985 
7References shown in Supplemental Table S2  986 
8Concentrate intake  987 
9Not reported988 
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Table 4 The effect of some alternative feeds on the average daily gains of ruminants 989 
Species  Alternative feed Control feed SR1 
% 
Diet 
DMI2 
ADG2 Main findings Ref.3 
Beef steers Camelina meal Soybean meal 100 dec - Camelina increased plasma 18:3n-3 concentration and 
lessened the acute-phase protein reaction. 
 
1 
Dairy heifers Camelina meal Linseed meal 
Distillers dried 
grains with 
solubles  
 
100 
100 
- 
- 
- 
- 
Camelina decreased plasma insulin concentration. 
Camelina had no major effect on CP or NDF total tract 
digestibility or rumen fermentation except for higher 
ammonia relative to other treatments.  
 
2 
Sheep Camelina expeller Rapeseed meal 50 
100 
nr nr Camelina increased muscle t11 18:1, c9t11 18:2 and n-3 
fatty acid content, but had no effect on 18:0 or c9 18:1 
 
3 
Beef bulls Lupin (blue) seeds Rapeseed meal 
Soybean meal 
100 
100 
dec 
- 
 
dec 
- 
Carcass weight and dressing percentage were the 
highest for rapeseed. Protein source had no effect on 
carcass classification or gross chemical composition. 
Muscle fatty acid profile was similar for lupin and 
soybean diets, but on rapeseed diet muscle c9t11 18:2 
and 18:3n-3 contents were higher. 
 
4 
Beef bulls Lupin (white) seeds Soybean seeds 
and meal 
100 - - Main slaughtering and sectioning characteristics were 
equal. Lupin diet reduced fatness. Quality traits of meats 
were comparable in terms of colour, tenderness and 
chemical and fatty acid profile as well as post 
slaughtering pH. 
 
5 
Beef bulls Faba bean-cereal 
silage 
Pea-cereal silage 
Grass silage 100 
 
100 
 
- 
 
- 
- 
 
- 
Replacing grass silage with grain legume-cereal whole 
crop silages had no remarkable effect on carcass 
characteristics, meat quality, fatty acid profile or sensory 
score. 
 
6 
Beef steers Lupin (white) silage Grass silage 
 
100 - - Carcass merits were equal. Lupin nitrogen degraded 
faster in the rumen compared to grass. 
7 
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Sheep Faba beans 
Lupin (white) seeds 
 
Soybean expeller 100 
100 
dec 
dec 
- 
- 
Protein source had no effect on carcass characteristics 
except for decreased back fat thickness for faba bean. 
 
8 
Sheep Lupin (white) seeds Rapeseed meal 
Soybean meal 
100 
100 
- 
- 
- 
- 
Digestibility of CP and energy were higher for lupin than 
rapeseed and soybean. 
 
9 
Sheep Peas Soybean meal 45 
100 
- 
- 
- 
- 
Carcass and meat composition and quality were not 
affected by treatments. 
 
10 
Sheep Pea silage 
 
Grass silage 50 - inc Lambs offered pea silage low in tannins grew faster, had 
increased chop length and improved digestibility of OM 
and N compared to grass silage as sole forage in the 
diet.  
 
11 
Sheep Seaweed 
 
Soybean-barley 
concentrate 
20 - - Replacing 20 % of soybean-barley concentrate with 
seaweeds (Ruppia maritima or Chaetomorpha linum) had 
no effect on OM or CP digestibility, nitrogen partitioning 
or water intake. 
 
12 
Sheep Seaweed Alfalfa hay 8 
13 
- 
- 
- 
- 
Dietary supplementation of seaweed (Ulva lactuca) at 
low level has no adverse effect on growth of sheep. 
 
13 
Goat Jatropha kernel 
expeller 
Soybean expeller 50 
100 
inc 
- 
inc 
- 
Replacing 50% or 100% of soybean expeller with 
fungally detoxified jatropha kernel expeller had no 
adverse effects on blood parameters. Diet with 1:1 (w/w) 
soybean expeller and jatropha kernel expeller resulted in 
highest DM and CP intake and ADG. 
 
14 
Sheep Jatropha expeller Soybean meal 70 - - Replacing 70% of soybean meal in concentrate mixture 
had no adverse effects on DM intake or ADG of male 
lambs. The fertility of rams was slightly improved by 
jatropha inclusion in the diet. 
15 
1Substitution rate of control feed by alternative feed 990 
2Effect of alternative feed on dry matter intake (DMI) or average daily gain (ADG): Dec = decrease, - = no effect, inc = increase, nr = not reported 991 
3References shown in Supplemental Table S3992 
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Table 5 Effect of using tropical fodder tree and shrubs supplementation on feed intake, rumen 993 
volatile fatty acid production and milk yield in ruminants fed rice straw based diets.  994 
      Rumen fermentation2   
Supplement Form Dose 
kg/d 
 Species DM1 
intake
TVFA C2 C3 C4 Milk 
yield 
Ref.3 
Cassava Hay 2.0  Dairy cow inc4 inc dec inc dec inc 1 
 Silage 2.5  Dairy cow inc inc dec inc - inc 2 
Leucaena Silage RLS605  Dairy steer inc inc dec inc -  3 
 Hay 6.0  Buffaloes - inc dec inc -  4 
Flemingia Hay FHM+CH6  Dairy steer - - dec inc dec  5 
1DM = dry matter 995 
2TVFA = total volatile fatty acids, C2 = acetate, C3 = propionate, C4 = butyrate  996 
3References shown in Supplemental Table S5 997 
4dec = decrease, - = no effect, inc = increase  998 
5RLS60 =40% rice straw + 60% leucaena silage fed ad libitum 999 
6FHM+CH =75 g flemingia hay meal + 75 g cassava hay 1000 
  1001 
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List of figure captions 1002 
 1003 
Figure 1 Rough overview of some feeds for ruminants with respect to time to enter 1004 
readily on the market, extent of production today and potential to increase utilization 1005 
in ruminant nutrition sustainably in future (small red bubble = limited; medium-sized 1006 
blue bubble = moderate; large green bubble = high). Data adapted in part from 1007 
FAOSTAT (2016), Kruus and Hakala (2016) and USDA (2016). 1008 
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Supplemental Table S1 Full references for the chemical composition of some 8 
alternative and common feeds for ruminants in Table 1 9 
Feed References 
Common protein feeds 
Rapeseed expeller Heuzé V, Tran G, Sauvant D, Lessire M and Lebas F 2017. 
Rapeseed meal. Retrieved on 27 April 2018, from 
http://www.feedipedia.org/node/52 
 
Soybean expeller Heuzé V, Tran G and Kaushik S 2017. Soybean meal. Retrieved on 
27 April 2018, from http://www.feedipedia.org/node/674 
 
By-products of food industry 
Apple pomace Wadhwa M, Bakshi MP and Makkar HP 2015. Waste to worth: fruit 
wastes and by-products as animal feed. CAB Reviews 10, 1-26. 
Camelinaseed expeller Heuzé V, Tran G and Lebas F 2017. Camelina (Camelina sativa) 
seeds and oil meal. Retrieved on 27 April 2018, from 
http://www.feedipedia.org/node/4254 
Lawrence RD, Anderson JL and Clapper JA 2016. Evaluation of 
camelina meal as a feedstuff for growing dairy heifers. Journal of 
Dairy Science 99, 6215-6228. 
 
Cauliflower leaf 
Cucumber waste 
Grape marc 
Tomato fruit waste 
Olivesilage (pulp + leaf)
 
Rinne M, Dragomir C, Kuoppala K, Smith J and Yáñez-Ruiz D 2014. 
Novel feeds for organic dairy chains. Organic Agriculture 4, 275-
284. 
Grain legume seeds  
Faba bean Heuzé V, Tran G, Delagarde R, Lessire M and Lebas F 2016. Faba 
bean (Vicia faba). Retrieved on 27 April 2018, from 
http://www.feedipedia.org/node/4926 
 
Lupins Berk A, Bramm A, Böhm H, Aulrich K and Rühl G 2008. The 
nutritive value of lupins in sole cropping systems and mixed 
intercropping with spring cereals for grain production. In 
Proceedings of the 12th International Lupin Conference, Lupins for 
Health and Wealth, 14-18 September 2008, Fremantle, Western 
Australia, pp. 66-70.Aulrich K and Rühl G 2008. The nutritive value 
of lupins in sole cropping systems and mixed intercropping with 
spring cereals for grain production. In Proceedings of the 12th 
International Lupin Conference, Lupins for Health and Wealth, 14-18 
September 2008, Fremantle, Western Australia, pp. 66-70. 
2 
 
Wasilewko J and Buraczewska L 1999. Chemical composition 
including content of amino acids, minerals and alkaloids in seeds of 
three lupin species cultivated in Poland. Journal of Animal and Feed 
Sciences 81, 1-12. 
 
Pea Heuzé V, Tran G, Giger-Reverdin S, Noblet J, Renaudeau D, 
Lessire M and Lebas F 2017. Pea seeds. Retrieved on 27 April 
2018, from 
http://www.feedipedia.org/node/264http://www.feedipedia.org/node/
264 
 
Soybean Heuzé V, Tran G and Kaushik S 2017. Soybean meal. Retrieved on 
27 April 2018, from http://www.feedipedia.org/node/674 
 
Grass silage juice Franco M, Winquist E, Rinne M. 2018. Grass silage for biorefinery – 
A meta-analysis of liquid-solid separation. XVIII International Silage 
Conference, 24-26 July 2018, Bonn, Germany. 
 
Grain legume  
whole crop stands 
Rinne M, Dragomir C, Kuoppala K, Smith J and Yáñez-Ruiz D 2014. 
Novel feeds for organic dairy chains. Organic Agriculture 4, 275-
284. 
 
Trees or shrubs (leaves unless otherwise stated) 
Cassava 
Flemingia 
Phesatcha B Wanapat M Phesatcha K Ampapon T and Kang S 
2016. Supplementation of Flemingia macrophylla and cassava 
foliage as a rumen enhancer on fermentation efficiency and 
estimated methane production in dairy steers. Tropical Animal 
Health and Production 48, 1449-1454. 
 
Leucaena Phesatcha K and Wanapat M 2017. Tropical legume 
supplementation influences microbial protein synthesis and rumen 
ecology. Journal of Animal Physiology and Animal Nutrition 101, 
552–562. ‘ 
 
Moringa Makkar HPS and Becker K 1996. Nutritional value and antinutritional 
components of whole and ethanol extracted Moringa oleifera leaves. 
Animal Feed Science and Technology 63, 211–228. 
 
Pine bark Kairenius P, Mäntysaari P and Rinne M 2017. The effect of gradual 
dietary bark meal supplementation on feed intake and milk 
production of Nordic Red cows fed a grass silage-based diet. 
Manuscript. 
 
Sesbania Teklea D, Gebrua G, Hagosa H and Belay S 2016. Effect of on farm 
supplementation of dried Sesbaniasesban (L.) leaf on performance 
of Abergelle rams. Scientific Journal of Animal Science 5, 322-328. 
 
Willow Smith J, Kuoppala K, Yáñez-Ruiz D, Leach K and Rinne  M 2014. 
Nutritional and fermentation quality of ensiled willow from an 
integrated feed and bioenergy agroforestry system in UK. . In 
Proceedings of Maataloustieteen Päivät 2014, 8-9 January 2014, 
Helsinki, Finland. 9 p. Retrieved on 15 December 2017, from 
http://www.smts.fi/MTP_julkaisu_2014/Posterit/064Smith_ym_Nutriti
onal_and_fermentation_quality_of_ensiled_willow.pdf 
  
3 
 
Jatropha kernel meal, 
detoxified 
Heuzé V, Tran G, Edouard N, Renaudeau D, Bastianelli D and 
Lebas F 2016. Jatropha (Jatropha sp.) kernel meal and other 
jatropha products. Retrieved on 30 November 2017, from 
https://www.feedipedia.org/node/620https://www.feedipedia.org/nod
e/620 
 
Single-cell protein  
Bacteria 
Fungi 
Yeast 
 
Lindberg JE, Lindberg G, Teräs J, Poulsen G, Solberg SØ, Tybirk K, 
Przedrzymirska J, Sapota GP, Olsen ML, Karlson H, Jóhannsson R, 
Smárason BÖ, Gylling M, Knudsen MT, Dorca-Preda T, Hermansen 
JE, Kruklite Z and Berzina I 2016. Nordic Alternative Protein 
Potentials: Mapping of regional bioeconomy opportunities. Nordic 
Council of Ministers. Retrieved on 27 April 2018, from 
http://www.nordic-ilibrary.org/environment/nordic-alternative-protein-
potentials_tn2016-527, from http://www.nordic-
ilibrary.org/environment/nordic-alternative-protein-
potentials_tn2016-527 
Nasseri AT, Rasoul-Amini S, Morowvat MH and Ghasemi Y 2011. 
Single cell protein: production and process. American Journal of 
Food Technology 6, 103-116.Ghasemi Y 2011. Single cell protein: 
production and process. American Journal of Food Technology 6, 
103-116. 
 
Microalgae  
Chlorella vulgaris 
Spirulina platensis 
Lamminen M, Halmemies-Beauchet-Filleau A, Kokkonen T, Simpura 
I, Jaakkola S, Vanhatalo A 2017. Comparison of microalgae and 
rapeseed meal as supplementary protein in the grass silage based 
nutrition of dairy cows. Animal Feed Science and Technology 234, 
295-311. 
 
Euglena gracilis Aemiro A, Watanabe S, Suzuki K, Hanada M, Umetsu K and 
Nishida T 2016. Effects of Euglena (Euglena gracilis) supplemented 
to diet (forage: concentrate ratios of 60: 40) on the basic ruminal 
fermentation and methane emissions in in vitro condition. Animal 
Feed Science and Technology 212, 129-135. 
 
Scenedesmus obliquusKlostermeyer H, Schmandke H, Soeder CJ, Schreiber W, 
Oehlenschläger J, Scholtyssek S, Kobald M, Sander A, Eilers E, 
Kries E 2017. Proteins. In Ullmann’s Food and Feed (ed. B Elvers), 
Wiley-VHC, Weinheim, Germany, vol. 2. pp. 861-914., vol. 2. pp. 
861-914. 
 
Schizochytrium sp. Madeira MS, Cardoso C, Lopes PA, Coelho D, Afonso C, Bandarra 
NM and Prates JA 2017. Microalgae as feed ingredients for 
livestock production and meat quality: a review. Livestock Science 
205, 111-121. 
 
Seaweeds Makkar HP, Tran G, Heuzé V, Giger-Reverdin S, Lessire M, Lebas 
F and Ankers P 2016. Seaweeds for livestock diets: a review. 
Animal Feed Science and Technology 212, 1-17. 
 
Duckweed Heuzé V and Tran G 2015. Duckweed. Retrieved on 26 July 2017, 
from https://www.feedipedia.org/node/15306 
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Supplemental Table S2 Full references for Table 3 reporting the effect of some alternative 12 
protein feeds on the milk production of ruminants 13 
No. Full reference 
1 Halmemies-Beauchet-Filleau A, Kokkonen T, Lampi AM, Toivonen V, Shingfield KJ and  
Vanhatalo A 2011. Effect of plant oils and camelina expeller on milk fatty acid 
composition in lactating cows fed diets based on red clover silage. Journal of Dairy 
Science 94, 4413–4430. 
2 Puhakka L, Jaakkola S, Simpura I, Kokkonen T and Vanhatalo A 2016. Effects of 
replacing rapeseed meal with fava bean at 2 concentrate crude protein levels on feed 
intake, nutrient digestion, and milk production in cows fed grass silage–based diets. 
Journal of Dairy Science 99, 7993-8006. 
3 Halmemies-Beauchet-Filleau A, Lamminen M, Kokkonen T, Vanhatalo A and Jaakkola 
S 2016. Rapeseed meal, faba beans and microalga (Spirulina platensis) as protein 
supplements for dairy cows on grass silage based diets. In Proceedings of 5th EAAP 
International Symposium on Energy and Protein Metabolism and Nutrition, 12-15 
September 2016, Krakow, Poland pp. 281-283. 
4 Kuoppala K, Jaakkola S, Ahvenjärvi S and Rinne M  2016. Härkäpapu ja sinilupiini 
lypsylehmien valkuaisrehuna. In Proceedings of Maataloustieteen Päivät 2016, 12-13 
January 2016, Helsinki, Finland. Retrieved on 15 December 2017, from p. 27. 
http://www.smts.fi/sites/smts.fi/files/MAATALOUSTIETEEN_ABSTRAKTIKIRJA2016.pdf 
5 Ramin M, Höjer A and Hetta M 2017. The effects of legume seeds on the lactation 
performance of dairy cows fed grass silage-based diets. Agricultural and Food Science 
26, 129-137. 
6 Volpelli LA, Comellini M, Masoero F, Moschini M, Lo Fiego DP and Scipioni R 2010. 
Faba beans (Vicia faba) in dairy cow diet: effect on milk production and quality. Italian 
Journal of Animal Science, 9, e27. 
7 Tufarelli V, Khan RU and Laudadio V 2012. Evaluating the suitability of field beans as a 
substitute for soybean meal in early‐lactating dairy cow: Production and metabolic 
responses. Animal Science Journal 83, 136-140. 
8 Partially published in Puhakka L, Jaakkola S, Kokkonen T and Vanhatalo A 2017. Blue 
lupin as an alternative protein supplement for dairy cows fed grass silage-based diets. In 
Proceedings of NJF Seminar 495, 19-21 June 2017, Mikkeli, Finland pp. 80. 
9 Singh CK, Robinson PH and McNiven MA 1995. Evaluation of raw and roasted lupin 
seeds as protein supplements for lactating cows. Animal Feed Science and Technology 
52, 63-76. 
10 Robinson PH and McNiven MA 1993. Nutritive value of raw and roasted sweet white 
lupins (Lupinus albus) for lactating dairy cows. Animal Feed Science and Technology 
43, 275-290. 
11 Froidmont E and Bartiaux-Thill N 2004. Suitability of lupin and pea seeds as a substitute 
for soybean meal in high-producing dairy cow feed. Animal Research 53, 475-487. 
12 Marley C, Davies D, Fisher B, Fychan R, Sanderson R, Jones R and Abberton M 2008. 
Effects of incorporating yellow lupins into concentrate diets compared with soya on milk 
production and milk composition when offered to dairy cows. In Proceedings of the 12th 
International Lupin Conference—Lupins for health and wealth, 14-18 September 2008, 
Fremantle, Western Australia pp. 115-117. 
13 Khalili H, Kuusela E, Suvitie M and Huhtanen P 2002. Effect of protein and energy 
supplements on milk production in organic farming. Animal Feed Science and 
Technology 98, 103-119. 
14 Corbett RR, Goonewardene LA and Okine EK 1995. Effects of feeding peas to high-
producing dairy cows. Canadian Journal of Animal Science 75, 625-629. 
15 Khorasani GR, Okine EK, Corbett RR, Kennelly JJ 2001. Nutritive value of peas for 
lactating dairy cattle. Canadian Journal of Animal Science 81, 541–551. 
16 Petit HV, Rioux R and Ouellet DR 1997. Milk production and intake of lactating cows fed 
raw or extruded peas. Journal of Dairy Science 80, 3377-3385. 
5 
 
17 Vander Pol M, Hristov AN, Zaman S and Delano N 2007. Peas can replace soybean 
meal and corn grain in dairy cow diets. Journal of Dairy Science 91, 698-703. 
18 Tufarelli V, Naz S, Khan RU, Mazzei D and Laudadio V 2012. Milk quality, 
manufacturing properties and blood biochemical profile from dairy cows fed peas (Pisum 
sativum L.) as dietary protein supplement. Tierzucht 55, 132-139. 
19 Lamminen M, Halmemies-Beauchet-Filleau A, Kokkonen T, Simpura I, Jaakkola S and 
Vanhatalo A 2017. Comparison of microalgae and rapeseed meal as supplementary 
protein in the grass silage based nutrition of dairy cows. Animal Feed Science and 
Technology 234, 295-311. 
20 Lamminen M, Halmemies-Beauchet-Filleau A, Kokkonen T, Jaakkola S and Vanhatalo 
A 2016. Microalgae as a substitute for soya bean meal in the grass silage based dairy 
cow diets. In Proceedings of 5th EAAP International Symposium on Energy and Protein 
Metabolism and Nutrition, 12-15 September 2016, Krakow, Poland pp. 285-287. 
21 Szumacher‐Strabel M, Cieślak A, Zmora P, Pers‐Kamczyc E, Bielińska S, Stanisz M 
and Wójtowski J 2011. Camelina sativa cake improved unsaturated fatty acids in ewe's 
milk. Journal of the Science of Food and Agriculture 91, 2031-2037. 
22 Danków R, Pikul J, Wójtowski J, Cais-Sokolińska D, Teichert J, Bagnicka E, Cieslak A 
and Szumacher-Strabel M 2015. The effect of supplementation with gold of pleasure 
(Camelina sativa) cake on the fatty acid profile of ewe milk and yoghurt produced from 
it. Journal of Animal and Feed Sciences 24, 193-202. 
23 Mierlita D and Vicas S 2015. Dietary effect of silage type and combination with camelina 
seed on milk fatty acid profile and antioxidant capacity of sheep milk. South African 
Journal of Animal Science 45, 1-11. 
24 Liponi GB, Casini L, Martini M and Gatta 2007. Faba bean (Vicia faba minor) and pea 
seeds (Pisum sativum) as protein sources in lactating ewes’ diets. Italian Journal of 
Animal Science 6(sup1), 309-311. 
25 Bonanno A, Di Grigoli A, Vitale F, Alabiso M, Giosuè C, Mazza F and Todaro M 2016. 
Legume grain-based supplements in dairy sheep diet: effects on milk yield, composition 
and fatty acid profile. Animal Production Science 56, 130-140. 
26 Masucci F, Di Francia A, Romano R, di Serracapriola MM, Lambiase G, Varricchio ML 
and Proto V 2006. Effect of Lupinus albus as protein supplement on yield, constituents, 
clotting properties and fatty acid composition in ewes’ milk. Small Ruminant Research 
65, 251-259. 
27 Renna M, Cornale P, Lussiana C, Malfatto V, Fortina R, Mimosi A and Battaglini LM 
2012. Use of Pisum sativum (L.) as alternative protein resource in diets for dairy sheep: 
effects on milk yield, gross composition and fatty acid profile. Small Ruminant Research 
102, 142-150. 
28 Sampelayo MS, Pérez ML, Extremera FG, Boza JJ and Boza J 1999. Use of Different 
Dietary Protein Sources for Lactating Goats: Milk Production and Composition as 
Functions of Protein Degradability and Amino Acid Composition1. Journal of Dairy 
Science 82, 555-565. 
29 Morales ER, Alcaide EM and Sampelayo MR 2008. Milk production of dairy goats fed 
diets with different legume seeds: effects of amino acid composition of the rumen 
undegradable protein fraction. Journal of the Science of Food and Agriculture 88, 2340-
2349. 
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Supplemental Table S3 Full reference for Table 4 reporting the effect of some alternative feeds on the average daily gains of ruminants 15 
No. Full reference 
1 Cappellozza BI, Cooke RF, Bohnert DW, Cherian G and Carroll JA 2012. Effects of camelina meal supplementation on ruminal forage 
degradability, performance, and physiological responses of beef cattle. Journal of Animal Science 90, 4042-4054. 
2 Lawrence RD, Anderson JL and Clapper JA 2016. Evaluation of camelina meal as a feedstuff for growing dairy heifers. Journal of Dairy 
Science 99, 6215-6228. 
3 Cieslak A, Stanisz M, Wojtowski J, Pers‐Kamczyc E, Szczechowiak J, El‐Sherbiny M and Szumacher‐Strabel M 2013. Camelina sativa 
affects the fatty acid contents in M. longissimus muscle of lambs. European Journal of Lipid Science and Technology 115, 1258-1265. 
4 Sami AS, Schuster M and Schwarz FJ 2009. Performance, carcass characteristics and chemical composition of beef affected by lupine 
seed, rapeseed meal and soybean meal. Journal of Animal Physiology and Animal Nutrition 94, 465-473. 
5 Vicenti A, Toteda F, Di Turi L, Cocca C, Perrucci M, Melodia L and Ragni M 2009. Use of sweet lupin (Lupinus albus L. var. Multitalia) in 
feeding for Podolian young bulls and influence on productive performances and meat quality traits. Meat Science 82, 247-251. 
6 Huuskonen A, Pesonen M and Honkavaara M 2016. Performance and meat quality of Nordic Red and Aberdeen Angus bulls offered faba 
bean or field pea based whole crop legume-cereal silages. Agricultural and Food Science 25, 1-12. 
7 Murphy SR, McNiven MA, MacLeod JA and Halliday LJ 1993. Grass and lupin silage in rations for beef steers supplemented with barley 
or potatoes. Animal Feed Science and Technology 40, 273-283. 
8 Purroy A, Echaide H, Muñoz F, Arana A and Mendizabal JA 1993. The effect of protein level and source of legume seeds on the growth 
and fattening of lambs. Livestock Production Science 34, 93-100. 
9 Stanford K, Lees BM, McAllister TA, Xu ZJ and Cheng KJ 1996. Comparison of sweet white lupin seed, canola meal and soybean meal 
as protein supplements for lambs. Canadian Journal of Animal Science 76, 215-219. 
10 Lanza M, Bella M, Priolo A and Fasone V 2003. Peas (Pisum sativum L.) as an alternative protein source in lamb diets: growth 
performances, and carcass and meat quality. Small Ruminant Research 47, 63-68. 
11 Hart KJ, Sinclair LA, Wilkinson RG and Huntington JA 2011. Effect of whole-crop pea (L.) silages differing in condensed tannin content as 
a substitute for grass silage and soybean meal on the performance, metabolism, and carcass characteristics of lambs. Journal of Animal 
Science 89, 3663-3676. 
12 Ktita SR, Chermiti A and Mahouachi M 2010. The use of seaweeds (Ruppia maritima and Chaetomorpha linum) for lamb fattening during 
drought periods. Small Ruminant Research 91, 116-119. 
13 El-Waziry A, Al-Haidary A, Okab A, Samara E and Abdoun K 2015. Effect of dietary seaweed (Ulva lactuca) supplementation on growth 
performance of sheep and on in vitro gas production kinetics. Turkish Journal of Veterinary and Animal Sciences 39, 81-86. 
14 Belewu MA, Belewu KY and Lawal IA 2013. Cocktail of fungi blend on Jatropha curcas kernel cake: effect on feed intake and blood 
parameters of goat. American-Eurasian Journal of Agricultural and Environmental Sciences 13, 315-320. 
15 El-Zelaky OA, Khalifa EI, Mohamed AH, Bahera KM and Hussein AM 2011. Productive and reproductive performance of rahmani male 
lambs fed rations containing jatropha cake. Egyptian Journal of Sheep and Goat Sciences 6, 15-24. 
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Supplemental Table S4 Full reference for Table 5 reporting the effect of using tropical fodder tree and 
shrubs supplementation on animal performance 
No. Full reference 
1 Wanapat M and Kang S 2013. Enriching the nutritive value of cassava as feed to increase 
ruminant productivity. Journal of Nutritional Ecology and Food Research 1, 262-269. 
2 Wanapat M, Phesatcha K, Viennasay B, Kang S 2016. Performance of tropical dairy cows fed 
on cassava top silage in rice straw based diet. In Proceedings of the 17th AAAP Animal Science 
Congress, 22-25 August 2016, Fukuoka, Japan, pp. 201-206. 
3 Giang N, Truong T, Wanapat M, Phesatcha K and Kang S 2016. Level of Leucaena 
leucocephala silage feeding on intake, rumen fermentation, and nutrient digestibility in dairy 
steers. Tropical Animal Health and Production 48, 1057-1064. 
4 Phesatcha K and Wanapat M 2016. Tropical legume supplementation inﬂuences microbial 
protein synthesis and rumen ecology. Journal of Animal Physiology and Animal Nutrition 101, 
552–562. 
5 Phesatcha B, Wanapat M, Phesatcha K, Ampapon T and Kang S 2016. Supplementation of 
Flemingia macrophylla and cassava foliage as a rumen enhancer on fermentation efficiency 
and estimated methane production in dairy steers. Tropical Animal Health and Production 48, 
1449-1454. 
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Supplemental Figure S1 Proposed sustainable ruminant feeding system for smallholder 
farmers in the tropics 
 
Reference: Wanapat M, Foiklang S, Ampapon T, Mapato C and Cherdthong T 2017. 
Feeding strategy on farms to improve livestock productivity and reduce methane production. 
In Proceedings of the 2nd International Conference on Animal Nutrition and Environment, 
1-4 November 2017, Khon Kaen, Thailand, pp. 14-29. 
 
